INTRODUCTION
In 1972, the term "purinergic" was first used by Burnstock to describe signaling where ATP was the extracellular messenger molecule, which at the time was a rather radical idea (21) . Since then the importance of purinergic signaling involving not just ATP but other nucleoside triphosphates (NTPs) and nucleoside diphosphates (NDPs) has become increasingly evident (20) . It is now understood that purinergic signaling involves specific purinergic type 1 (P1) and type 2 (P2) receptors and is important in both neuronal and nonneuronal processes, including the modulation of inflammation and specific immune responses. P1 receptors, of which there are four subtypes, are activated by adenosine, which is generated by ecto-nucleotidases. In contrast, P2 receptors exist as two subtypes: P2X receptors, which are specific for ATP, and P2Y receptors, which are activated by ATP, ADP, UTP, UDP, ITP, and nucleotide sugars. P2X receptors are ligand-gated ion channel receptors, and seven subtypes have been identified, whereas P2Y receptors are G protein-coupled receptors that comprise eight known subtypes (20, 121) .
Ecto-nucleoside triphosphate diphosphohydrolases (ectoNTPDases) (gene family ENTPD) of the CD39 family are important ecto-nucleotidases that are characterized by the presence of five "apyrase conserved regions" (ACR1 to ACR5) and by the ability to hydrolyze NTPs and NDPs to the monophosphate form. Nucleoside monophosphates may then be catalyzed to nucleosides such as adenosine by the action of ecto-5Ј-nucleotidases (for example, mammalian CD73). Both of these ecto-enzymes are found on multiple cell types in a variety of eukaryotic organisms. The major function of these enzymes so far appears to involve purine salvage and the regulation of blood clotting, inflammatory processes, and immune reactions (69, 121, 151, 152) . We and another group have recently shown that CD39 is expressed on regulatory T (T reg ) cells and mediates immune suppression (16, 39) .
In mammals, NTPDases comprise at least eight members, with CD39/NTPDase 1, CD39L1/NTPDase 2, CD39L3/ NTPDase 3, and NTPDase 8 located on the cell surface. Others are located on organelles and intracellular membranes or are secreted (14, 88, 121 ; H. Zimmermann, S. C. Robson, et al., presented at the Second International Workshop on EctoATPases and Related Ecto-Nucleotidases, Maastricht, The Netherlands, 2000) ( Fig. 1 and 2 ). The majority of these enzymes are membrane bound with the active site facing either the extracellular medium or the lumen of the organelle where they are sited (essentially communicating with the ecto-membranes), and are referred to as ecto-enzymes or ecto-NTPDases. An amino acid sequence alignment and phylogenetic analysis of NTPDases using the sequence analysis tool Clustal W (147) shows that the surface-located mammalian NTPDases are more closely related to each other than to mammalian NTPDases found in organelles ( Fig. 1 and 3) . NTPDases 5 and 6, which are intracellular but undergo secretion after heterologous expression (121) , are also more closely related than NTPDases 4 and 7, which are entirely intracellular (Fig. 3) .
Surface-located or secreted NTPDases in several important microbial pathogens of humans have also been described. The nomenclature surrounding these enzymes is complex, and since apyrases are classified by their ability to hydrolyze both ATP and ADP, here we have defined an NTPDase as a type of apyrase that contains the five ACRs and which is related to the CD39/NTPDase 1 family by amino acid sequence similarity. We recently characterized the first bacterial member of the NTPDase family, present in Legionella pneumophila, which enhances intracellular replication of the bacteria (123) . Here we review our current knowledge of microbial NTPDases with an emphasis on those that have been directly implicated in virulence. We examine the potential role of these enzymes in the interaction of the pathogen with the immune system of the host and propose that microbial NTPDases, in addition to having potential roles in purine salvage, may subvert inflammatory and immune processes to modulate the host response to infection.
MAMMALIAN NTPDases: REGULATION OF THROMBOSIS AND INFLAMMATION
The prototypic member of the NTPDase family, CD39, hydrolyzes ATP and ADP in an equivalent manner, with activity dependent on the presence of divalent cations, as is the case for all NTPDases. CD39 utilizes either Ca 2ϩ or Mg 2ϩ as a cofactor (83, 153) . Recently the crystal structure of the extracellular domain of rat NTPDase 2 was solved (166) . The structure identified several key amino acid residues in ACR1 to -5 that were variously involved in substrate and cofactor binding, although only ACR1 and ACR4 share homology with known ATP binding domains, namely, the actin-HSP 70-hexokinase ␤-and ␥-phosphate binding motif (121, 166) . In particular, E165 in ACR3 was important for the positioning of a water molecule for nucleophilic attack on the terminal phosphate of ATP or ADP. Several mutagenesis studies have confirmed the role of additional residues in ACR1 to -5 in the activity of mammalian NTPDases (49, 50, 68, 87, 126, 134, 135, 160) . However, the level of catalytic activity and the specificity of NTPDases relate also to the membrane positioning of the protein, as demonstrated by the regulation of activity by the Nand C-terminal transmembrane domains of CD39 (67, 155) . Furthermore, NTPDases form homo-oligomers, and the state of oligomerization affects catalytic activity (67, 142, 155) . CD39 contains a total of 11 cysteine residues (126) , and the region between ACR4 and ACR5 in both CD39 and NTPDase 2 contains eight conserved cysteine residues. The cysteine residues play an important role in disulfide bond formation and oligomerization and have been shown to modulate substrate specificity (70, 166) . Additionally, the N terminus containing the Cys13 residue of CD39 undergoes palmitoylation, which appears to contribute to the association of CD39 with lipid rafts (121) . Cholesterol depletion therefore results in inhibition of CD39 activity (113) . We recently showed that the N terminus of CD39 associates with the membrane scaffold protein RanBPM and that this association results in downregulation of catalytic activity (158) .
CD39 is responsible for inhibiting platelet aggregation. The Fig. 1 , with the resulting tree viewed and edited using the Phylodraw software. The accession numbers for the amino acid sequences used in the alignment are listed in Table 1. VOL. 72, 2008 MICROBIAL ECTO-NTPDases 767 rapid phosphohydrolysis of ADP released from activated platelets is thought to prevent the paracrine amplification of ADPinduced platelet recruitment and aggregation (65, 99) . Furthermore, CD39 plays a role in modulating inflammation and the immune response by affecting the extracellular concentrations of ATP; this nucleotide serves as an immunostimulant of the immune system operative via P2 receptor pathways (105, 119) . During acute inflammatory reactions, the bioactivity of CD39 is transiently but acutely compromised by oxidative stress (121) , presumably resulting in a rise in extracellular ATP and increased activation of P2 receptors to stimulate host defenses.
Effects on Vascular Homeostasis
Platelets possess three types of P2 receptors: the P2X 1 receptor, activated by ATP, and two P2Y receptors, P2Y 1 and P2Y 12, which are both activated by ADP. Activation of P2Y 1 is responsible for initiation of aggregation, whereas activation of P2Y 12 is essential for completion of the ADP-induced aggregation response and for potentiation of platelet aggregation induced by other compounds such as thromboxaneA2. Activation of the P2X 1 receptor results in rapid calcium influx and contributes to platelet activation induced by low concentrations of collagen. Signaling through the P2X 1 receptor may also play a priming role in the subsequent activation of the P2Y 1 receptor by ADP (61) .
In humans, NTPDase 2, which is expressed on pericytes and adventitial cells, stimulates platelet aggregation by preferentially hydrolyzing ATP to produce ADP, resulting in activation of P2Y 1 and P2Y 12 receptors (8). However CD39, which is dominantly expressed on the endothelium, hydrolyzes ADP to AMP, thus limiting platelet activation (8) . CD39 is a true platelet modulator, as deletion of this gene in mice results in pericellular nucleotide flux that causes desensitization of P2Y 1 platelet receptors and a subsequent bleeding phenotype (51) . Given the intrinsic role of CD39 and NTPDase 2 in the regulation of vascular homeostasis, it is possible that NTPDases produced by parasites, particularly by those parasites with extended bloodstream phases in their life cycles, also modulate platelet defense mechanisms to promote optimal parasite infection and growth.
Modulation of the Host Inflammatory Response
ATP and other nucleotides such as UDP and UTP may be released from activated, stressed, or injured mammalian cells, resulting in a rise in the concentration of extracellular nucleotides, which function as a "danger signal" for the immune system. Extracellular ATP and other nucleotides then signal through P2 receptors to modulate the immune and inflammatory response in a variety of cell types, including immune and nonimmune cells (17, 20) . In particular, extracellular ATP triggers the release of proinflammatory cytokines, including interleukin-1␤ (IL-1␤) (55) and IL-2 and gamma interferon (93) . NTPDase expression modulates this response by controlling the level of extracellular nucleotides. In addition, CD39 is highly expressed on activated T reg cells, which mediate immune suppression (16, 39) . The hydrolysis of ATP by CD39 expressed on the surface of activated T reg cells functions first to control the cytolytic effects of high concentrations of ATP but also to control purinergic signaling and ensuing effects on the inflammatory process (16) .
Interestingly, CD39 activity has been further linked to the inhibition of IL-1 release from endothelial cells (77) , and the expression of CD39 on T reg cells has also been linked to decreased activation of dendritic cells (16) . Therefore, the effect of NTPDases on the immune response is one of immune suppression, a process that may be mimicked by microbial NTPDases.
NTPDases OF THE APICOMPLEXAN PARASITES AND TRYPANOSOMATIDS
The mechanisms by which pathogen-associated NTPDases may affect virulence have not been precisely elucidated. Several lines of experimental evidence suggest that hydrolysis of ATP and ADP by these enzymes has the potential to subvert and avoid host defense mechanisms. In addition, further hydrolysis of AMP to adenosine by either host or parasitic enzymes could have a number of effects, as adenosine plays an important role in limiting the inflammatory response and some pathogens may scavenge adenosine for growth (60) .
Purine Salvage and the Apicomplexan Parasites
The apicomplexan parasites, which comprise protozoa characterized by the presence of the unique organelle known as the apical complex, include a number of important human and animal pathogens, some of which are known to express NTPDases. These include Toxoplasma gondii, the causative agent of the zoonotic disease toxoplasmosis, which can have serious sequelae in pregnant women and immunocompromised people, and Plasmodium falciparum, the major cause of malaria, currently one of the most devastating infectious diseases worldwide. Apicomplexan parasites such as T. gondii and P. falciparum lack the ability to synthesize the purine ring de novo and instead rely on capturing purines from the host cell as an essential nutrient. The host purines are then transported into the parasite by nucleoside transporters and converted to purine nucleotides (44) . Thus, the purine salvage pathway is vital to the metabolism of the parasites, and as such the enzymes and transporters involved in these pathways are attractive drug targets, provided that inhibitors of these components do not affect similar host enzymes. It has been suggested that the NTPDases known to be expressed by some parasites are involved in purine salvage, and therefore inhibitors specific for parasitic NTPDases have potential therapeutic uses (66) . Here we discuss the NTPDases associated with the apicomplexan parasites and the evidence for a potential role in purine salvage, in addition to the other potential roles in pathogenesis such as the modulation of purinergic signaling.
Toxoplasma gondii. T. gondii is capable of infecting both phagocytic and nonphagocytic cells (130) , where it replicates within a parasitophorous vacuole that remains mostly sequestered from the endosomal network of the host cell (2, 33) . Over 20 years ago, a highly active enzyme purified from T. gondii was shown to hydrolyze both ATP and ADP, although ADPase activity was only 18% of ATPase activity. It was designated an NTP hydrolase (NTPase) and found to require activation by thiol compounds, presumably to induce essential disulfide bonds, similar to CD39 (5, 7) .
Further work demonstrated that the purified NTPase was actually a mix of two isoenzymes, NTPase I and NTPase II, with identical molecular weights that differed in bioactivity but arose through gene duplication (6) . In fact, three open reading frames encoding proteins with predicted NTPDase similarity are present in the genome of the virulent RH strain of T. gondii, and two are translated into proteins designated NTPase 1 and NTPase 3 (11) , which correspond to the two isoenzymes NTPase II and NTPase I identified previously (6) . The amino acid sequences of these two proteins show all five ACRs, and so the enzymes will be referred to as NTPDases from here on (6). Although both hydrolyze ATP, GTP, CTP, and UTP, NTPDase 3 has less than 1% of the relative activity of hydrolysis of ADP, GDP, CDP, and UDP but is 4.5 times more efficient at hydrolyzing ATP than NTPDase 1 (6) . Interestingly, a 12-residue block of amino acids in the C termini of the NTPDase isoforms appears to dictate the substrate specificity. Through the synthesis of protein chimeras, amino acids FITG REMLASID and IVTGGGMLAAIN near the C termini of NTPDase 1 and NTPDase 3, respectively (residues 488 to 499), have been shown to affect specificity for NTPs and NDPs (107) . This difference is also antigenically distinct, as sera from a small fraction of T. gondii patients can discriminate between NTPDase 1 and NTPDase 3 on the basis of these 12 residues (81).
In T. gondii, the NTPDases are present in dense granules in extracellular tachyzoites. Both proteins possess typical signal peptides for secretion, and following infection of the host cell, both NTPDases are secreted into the lumen of the parasitophorous vacuole ( Fig. 1) (11, 130) . As T. gondii is a purine auxotroph, the NTPDase activity may be part of a pathway that processes host cell nucleotides prior to uptake by the parasite (6, 130) . Depletion of host cell ATP decreases the metabolism of the tachyzoites, leading to the suggestion that ATP is used by the parasite, either as energy for parasite processes or for purine salvage after processing by an NTPDase (137) . However, T. gondii lacks a 5Ј-nucleotidase, the enzyme required to convert AMP to adenosine, suggesting that the NTPDases of T. gondii play an additional, more complex role than simply purine salvage, although it is also possible that T. gondii may exploit some host enzymes in the process of purine salvage (110) .
NTPDase 3 is expressed in the actively replicating tachyzoite form of T. gondii but is downregulated in the dormant bradyzoite form of the parasite, which is involved in chronic host infection (108) . The similarity of the genes encoding the NTPDases makes it difficult to create a specific mutant, and other evidence also suggests that the gene encoding NTPDase 3 is essential for viability (109) . Antisense RNA studies showed that NTPDase 3 activity was necessary for intracellular replication but not for parasite invasion of the host cell (109) . In contrast to that study, the pretreatment of parasites with a monoclonal antibody that recognized and inhibited both NTPDases resulted in decreased invasion of Vero cells, suggesting that NTPDase activity did contribute to invasion of host cells (84) . NTPDase 3 is also indirectly implicated in virulence, as most virulent strains of T. gondii possess the gene but avirulent strains carry only the gene encoding NTPDase 1 (6, 107) .
Apart from purine salvage, NTPDase activity may be directly related to virulence by influencing intracellular replication and exit from host cells (131) . When NTPDase 3 is secreted by the parasite, it remains largely oxidized despite the reducing environment of the host cell. However, since parasitic infections generate host nitric oxide and other free radicals, which results in oxidative and nitrative stress (165) , it may be that T. gondii itself is responsible for the reduction and therefore activation of NTPDase 3. Upon activation of the enzyme by exogenous thiols, the level of ATP in the host cell is rapidly depleted, and the parasites exit the host cell within a minute of thiol treatment (131) . Exit of parasites in response to thiol compounds is Ca 2ϩ dependent, suggesting that ATP depletion releases Ca 2ϩ stores that are controlled by ATP (141) . These data all suggest that the activation of a secreted NTPDase must be tightly regulated by the parasite (131) . Recently, it has been shown that the reducing agent glutaredoxin (GRX) is secreted by the parasite as replication increases. GRX can activate NTPDase 3 in vitro, suggesting that GRX may be also secreted by the parasite to control the reduction and therefore activation of NTPDase 3, thereby stimulating exit from host cells (140) . Therefore, either NTPDase 1 or NTPDase 3 activity has been implicated at each stage of parasite invasion, replication, and exit. Neosporum caninum. The genome of the closely related apicomplexan parasite N. caninum contains a single gene encoding a protein with 69% identity to T. gondii NTPDase that is most similar to NTPDase 3. Correspondingly, the N. caninum NTPDase can hydrolyze NTPs but not NDPs. The enzyme possesses a typical N-terminal signal peptide for secretion and is also localized to the dense granules of N. caninum, suggesting that it may be exported in a manner similar to that for the dense granule proteins of T. gondii, which are secreted via specific exocytosis (4, 32) . While the role of this enzyme in pathogenesis is unclear, the inability of the enzyme to hydrolyze NDPs suggests that it is unlikely to play an independent role in purine salvage (110) .
Sarcocytis neurona. Another apicomplexan parasite related to T. gondii is S. neurona, which is a cause of equine myeloencephalitis. However, unlike T. gondii, it resides free in the cytoplasm of host cells during intracellular replication. The parasite also has demonstrable NTPDase activity, exhibiting hydrolysis of both ATP and ADP that is activated by thiol compounds. A single gene encoding a putative NTPDase is present in the genome of S. neurona, and specific polyclonal antibodies demonstrate that the protein is secreted into culture supernatant by parasites in vitro, which is consistent with the presence of a signal peptide. Other localization studies show that the NTPDase of S. neurona is absent during much of intracellular replication, but when present, it is apically localized and is detectable on newly invaded merozoites. It then disappears before reappearing on newly formed merozoites once they are completely mature but before exit from the host cell. This pattern of expression suggests the NTPDase is involved either in exit from host cells or in infection of new host cells, or possibly in both (167) . Alternatively, it may be that the NTPDase is required when the parasite is extracellular, to Plasmodium falciparum. NTPDase activity has not been described for the apicomplexan parasite P. falciparum, but a search of the genome of the virulent strain 3D7 shows the presence of an open reading frame encoding a predicted protein containing all five ACRs (64; B. Cooke, personal communication.). Similar to the case for CD39, the putative protein contains two predicted transmembrane domains, one located at the N terminus and the other at the C terminus, suggesting that the protein could be anchored in the membrane of the parasite with the active site facing the external medium. It is intriguing to note that whereas the NTPDases present in the other apicomplexan parasites appear to be closely related, the putative P. falciparum NTPDase appears to be evolutionarily distinct, suggesting that it may fulfill a different role in P. falciparum (Fig. 3) .
Trypanosomatids
Trypanosoma species. Trypanosoma protozoa cause a range of diseases in both humans and animals, and NTPDase activity has been demonstrated in a number of species. The presence of Mg 2ϩ -dependent ecto-ATPase activity was first demonstrated for T. cruzi, the causative agent of American trypanosomiasis, also known as Chagas' disease, a serious infection affecting the heart and gastrointestinal system which can be fatal (15, 57, 86) . After entry into host cells, the vacuole containing T. cruzi undergoes lysosomal fusion, and the parasite subsequently escapes the vacuole and replicates inside the cytosol of the host cell (3).
The dependence of the ecto-ATPase activity on Mg 2ϩ suggested that the activity might be due to a member of the CD39/NTPDase family. Further evidence for the presence of an NTPDase in T. cruzi came from a second study that demonstrated a range of NTPDase activities in intact parasites and that anti-T. gondii NTPDase antibodies cross-reacted with a protein on the surface of the parasite (57) . An open reading frame encoding a predicted secreted protein with similarity to NTPDases is present in the genome of T. cruzi, although it has not been determined if this gene does indeed encode the surface-located NTPDase identified by immunofluorescence. NTPDase activity is present in all forms of the parasite, although the activity of intact parasites at different developmental stages varies for infective trypomastigotes but not for noninfective epimastigotes (57) . The infective trypomastigote also displays up to 20 times higher ecto-ATPase activity than the epimastigote stage (15) . Both parasite stages are able to hydrolyze ATP and ADP, but the ratio of ATP to ADP hydrolysis for trypomastigotes is 2:1 while for epimastigotes it is 1:1. Epimastigotes have also been shown to hydrolyze GTP, GDP, UTP, and UDP, and the highest activity was observed against GTP (57) .
Ecto-ATPase activity is inhibited by suramin and 4,4Ј-diisothiocyanostylbene 2Ј,2Ј-disulfonic acid, both of which are known inhibitors of NTPDase activity (15) , Furthermore the presence of either inhibitor reduced the number of parasites attaching to and infecting mouse peritoneal macrophages. In contrast, the addition of 200 M ATP resulted in approximately 30% more parasite-infected macrophages. The addition of suramin to epimastigotes also stimulated a fourfold increase in the ecto-ATPase activity of this parasite form, presumably in an effort to overcome the inhibition. These parasites were then much more capable of adhering to mouse macrophages than untreated epimastigotes (15) . An additional study also demonstrated Mg 2ϩ -dependent ecto-ATPase activity in T. cruzi and showed that ATPase activity is higher in the infective trypomastigote and amastigote stages than in the noninfective epimastigotes, again linking NTPDase activity to virulence (104) .
Like the apicomplexan parasites, trypanosomes are unable to synthesize the purine ring (28) , and the ability to hydrolyze NTPs and NDPs may be part of an essential nutrient salvage pathway (57) . Additionally, it has been suggested that increased hydrolysis of ATP in the infective stage of T. cruzi may reflect modulation of the immune system by the parasite (57) . ADPase activity may also be important for avoidance of host defenses, particularly since platelet recruitment results in the removal of opsonized T. cruzi from the circulation (149) .
Trypanosoma brucei causes both African sleeping sickness in humans and nagana in livestock. Unlike T. cruzi, T. brucei is an extracellular pathogen that proliferates in the mammalian bloodstream (100). The genome of T. brucei encodes a putative secreted NTPDase, and assays using intact parasites demonstrate that T. brucei exhibits Mg 2ϩ -dependent surface-located NTPDase activity that hydrolyzes ATP, GTP, CTP, UTP, and ADP. Interestingly, catalytic activity may be stimulated by other divalent cations, including zinc (47) .
Another species, Trypanosoma rangeli, is capable of infecting humans and animals. Little is known about the biology of this parasite in vertebrate hosts, other than that it may cause disease following infection (136) . T. rangeli also exhibits Mg 2ϩ -dependent ecto-NTPDase activity that is highest against ATP, although ADP and other NTPs may also be hydrolyzed. NTPDase activity is stimulated by a number of carbohydrates, which has led to the suggestion that NTPDase activity may have a role in adhesion to the intermediate insect host, as carbohydrates on insect salivary glands play a part in adhesion by Trypanosoma species (59) .
Leishmania species. Leishmania parasites are responsible for a number of clinical syndromes known as visceral, cutaneous, and mucosal leishmaniasis, which are a consequence of parasite replication inside macrophages of the mononuclear phagocyte system, dermis, and naso-oropharyngeal mucosa, respectively. All of these syndromes have serious sequelae, but visceral leishmaniasis is particularly life-threatening (71) . Leishmania replicates inside macrophages within a parasitophorous vacuole, the morphology of which varies between parasite species (23) .
Mg 2ϩ -dependent surface NTPDase activity has been detected in both Leishmania tropica and Leishmania amazonensis (13, 103) , two of the species responsible for cutaneous leishmaniasis (71 (13, 103) . The enzymes also show different substrate specificities. The L. tropica enzyme can hydrolyze both ATP and ADP, although ADPase activity is only 21% of ATPase activity, and the enzyme also hydrolyzes other NTPs (103) . Like that of a number of other parasite NTPDases, L. tropica NTPDase activity is stimulated by defined carbohydrates, namely, dextran sulfate, although it is unclear how the carbohydrates stimulate catalytic activity (116) . In contrast to that of L. tropica, the L. amazonensis enzyme appears to utilize only NTPs as substrates (13) . The location of the enzyme on the surface of L. amazonensis has been confirmed by immunogold electron microscopy using anti-CD39 antibodies, and this cross-reaction with anti-CD39 suggests that the protein is indeed a member of the CD39/ NTPDase 1 family (118). Enzyme activity is highest toward the end of logarithmic replication and is higher in virulent strains than in avirulent strains. In addition, activity is increased more than 10-fold in the obligate intracellular amastigote stage compared to the promastigote stage (13, 118) . Further evidence for a role in virulence comes from the observation that treatment with the anti-CD39 antibodies reduces the interaction of the parasites with mouse peritoneal macrophages (118) . Finally, it was recently shown that ecto-ATPase activity of L. amazonensis is increased when the parasites undergo heat shock (115), which is of particular interest because it has been suggested that the heat shock response may play a role in invasion by parasites (120) .
The high activity of the enzyme toward the end of parasite replication may indicate a role in exit from the infected cell, while the effect of the anti-NTPDase antibodies also suggests a role in host cell entry (118) . In this context, the similarity of ACR1 and ACR4 to the actin-HSP 70-hexokinase ␤-and ␥-phosphate binding motif is particularly curious (134) . Phagocytosis of pathogens involves rearrangement of the actin cytoskeleton of the cell (101) , and it may be that NTPDases are one of the pathogenic factors involved in disrupting normal phagocytic events and enabling intracellular pathogen such as Leishmania to establish their replicative niche. Additionally, it may reflect a need for the parasite to express the protein when extracellular in order to regulate host levels of extracellular ATP.
NTPDase ACTIVITY IN OTHER PARASITES AND FUNGI

Schistosoma mansoni
NTPDases have also been identified in the worm Schistosoma mansoni, the cause of intestinal schistosomiasis. S. mansoni is capable of surviving for several years in the human mesenteric vasculature by evading the host defenses, resulting in a chronic debilitating disease (151) . S. mansoni possesses two isoenzymes containing the five ACRs that have NTPDase activity and which are encoded by two genes, SmATPDase 1 and SmATPDase 2 (45, 151) . While SmATPDase 1 is located on the surface, SmATPDase 2 is secreted by the parasite (Fig.  2) , suggesting distinct roles for the two enzymes (45, 96) . As with many other NTPDases, activity is stimulated by Ca 2ϩ and Mg 2ϩ ions (148) , and both ATP and ADP as well as other NTPs and NDPs are hydrolyzed (53) . Since S. mansoni lives in the portal venous bloodstream, it has been postulated that ADPase activity prevents recruitment and aggregation of platelets, enabling the worm to avoid host hemostatic defenses (152) . Recently, a new class of antischistosomal drugs, N-alkylaminoalkanethiosulfuric acids, were shown to partially inhibit tegumental S. mansoni NTPDase activity, suggesting that inhibiting the NTPDase activity of the parasite may compromise its survival (97) .
Trichomonas vaginalis
Trichomonas vaginalis is a flagellate protozoan that lives in the human urogenital tract. T. vaginalis is an extracellular pathogen that is cytotoxic for mammalian cells and the cause of trichomoniasis, a disease usually characterized by vaginitis (128) . T. vaginalis-induced vaginitis is likely the most prevalent nonviral sexually transmitted disease worldwide (150) . Comparison of the NTPDase activities of intact and disrupted T. vaginalis cells has demonstrated the presence of Ca 2ϩ -or Mg 2ϩ -dependent surface NTPDase activity that catalyzes the hydrolysis of ATP, ADP, and other nucleotides (40, 42) . The enzyme(s) responsible for this observed activity has not been positively identified, but a search of the T. vaginalis G3 genome sequence revealed the presence of four genes encoding hypothetical proteins (locus tags TVAG_063220, TVAG_167570, TVAG_351590, and TVAG_397320) that all contain regions similar to the five ACRs found in NTPDases. This suggests that one or more of this class of enzyme is present in T. vaginalis and responsible for the NTPDase activity. Furthermore, the proteins encoded by these genes all possess predicted C-terminal transmembrane domains, implying that they are anchored in the membrane of the cell and function as ecto-enzymes (Fig. 2) . D-Galactose, which is involved in adhesion of T. vaginalis to host cells, increases NTPDase activity by 90%, suggesting that the enzyme may play a role in adhesion, although to date no further evidence for this is available (42) . Nevertheless, fresh isolates of T. vaginalis have increased surface NTPDase activity compared to a laboratory-adapted strain, suggesting a possible role in virulence (42, 146) .
The concentration of free purine nucleotides in the vagina during disease can reach 10 mM as they are released from epithelial cells lysed during infection, and 90% of the nucleotides released are ATP (106) . ATP itself is cytolytic toward mammalian cells not expressing NTPDase activity on their surface (58), but ATP does not lyse T. vaginalis, which may be a result of hydrolysis of ATP by the parasite. T. vaginalis is also a purine auxotroph, and so NTPDase activity may be part of a purine salvage pathway for the parasite (145) . Aside from possessing higher ATPase and ADPase activities than laboratory-adapted strains, fresh isolates also exhibit variation in the ratio of ATP to ADP hydrolysis, suggesting they may have two or more NTPDases (146) , as predicted by the T. vaginalis genome sequence.
The related parasite Tritrichomonas foetus, which inhabits (80) . For the NTPDases of both T. foetus and T. vaginalis, iron-depleted medium reduces the activity of the NTPDase, suggesting that iron may exert a positive regulatory role, although the significance of this is not yet known (43) .
Other Protozoa
Entamoeba histolytica, an enteric protozoan that causes invasive colitis and liver abscesses, also exhibits Mg 2ϩ -dependent NTPDase activity that catalyzes the hydrolysis of ATP and to a lesser extent ADP, with still lower activity rates for other NTPs (10) . Pathogenic E. histolytica has a higher rate of activity than nonpathogenic E. histolytica or free-living Entamoeba moshkovskii, suggesting a role in virulence. Additionally, D-galactose stimulates NTPDase activity, as for a number of other parasitic NTPDases (10) . A second amoebic pathogen, Acanthamoeba, can cause fatal encephalitis and keratitis in humans, and the amoebae show ecto-ATPase activity, which is dependent on divalent cations and inhibited by the NTPDase inhibitor suramin (133) . Increased enzyme activity is associated with virulent isolates rather than environmental isolates, again suggesting a role in host-pathogen interactions. Acanthamoeba binds to endothelial cells using a mannose binding protein, and it has been shown that alpha-mannose stimulates enzyme activity. Furthermore, suramin inhibition of enzyme activity results in decreased cytotoxicity and binding to host cells, all supporting a role in virulence (133) .
While the enzyme activities detected for Acanthamoeba and Entamoeba species appears to indicate the presence of NTPDases, a BLAST (tblastn) search of the genomes of both Acanthamoeba castellanii and E. histolytica using the CD39 amino acid sequence did not reveal any significant homologues containing five ACRs. Although these studies support the hypothesis that ecto-ATPase activity is related to the virulence of many parasites, it seems probable that the observed catalytic activities are due to enzymes unrelated to the CD39/NTPDase 1 family.
Most recently, Mg 2ϩ -stimulated ecto-ATPase activity was demonstrated in Giardia lamblia, a flagellated protozoan that can cause small intestinal diarrhea (46) . Hydrolysis of ADP and AMP was also observed, but Mg 2ϩ did not stimulate this activity. BLAST searching of the G. lamblia genome using the CD39 amino acid sequence also failed to reveal any NTPDase homologues, suggesting that this ecto-enzyme activity is not due to a member of the NTPDase family. Furthermore, the role of this enzymatic activity in the virulence of the parasite is currently unknown.
Fungi
The nonpathogenic yeast Saccharomyces cerevisiae possesses membrane-bound NTPDases containing all five ACRs that are capable of hydrolyzing NTPs and NDPs. These enzymes are not surface located and are involved in Golgi glycosylation processes (12, 63 (Fig. 3) . Surface NTPDase activity was recently described for the pathogenic yeast Cryptococcus neoformans, an important cause of pneumonia and meningoencephalitis, particularly in immunocompromised individuals. The NTPDase activity was stimulated by Mg 2ϩ and showed high rates of ATP, ITP, GTP, CTP, and UTP, but not ADP, hydrolysis (82) . The genome of C. neoformans encodes a hypothetical protein containing all five ACRs, but this is predicted by pTARGET to be Golgi localized, so it is unclear if the observed enzyme activity is due to a member of the CD39/NTPDase 1 family or an unrelated enzyme. It is worth noting however, that the predicted localization of these enzymes often does not correspond with the known localization (Table 1 ). Ecto-ATPase activity was also recently demonstrated for the pathogen Fonsecaea pedrosoi, the cause of chromoblastomycosis, a chronic, subcutaneous fungal infection (29) . Enzyme activity was stimulated by Mg 2ϩ and was postulated to play a role in fungal physiology and/or pathogenesis (29) . The protein(s) responsible for this activity is also yet to be identified.
LEGIONELLA PNEUMOPHILA: THE PROKARYOTIC PUZZLE
Expression of the CD39/NTPDase 1 family of enzymes is extremely rare in prokaryotes. These ecto-enzymes appear to have been acquired only upon association with eukaryotes. While CD39/NTPDase 1 family members are present in all higher eukaryotes, the presence of the enzymes in lower eukaryotes is variable and not necessarily consistent with the putative phylogenetic relationships and evolutionary development of eukaryotic organisms. Therefore, it remains unclear when and why the CD39/NTPDase 1 family of enzymes evolved.
Recently, we characterized the first prokaryotic NTPDase in Legionella pneumophila, the major causative agent of Legionnaires' disease. Legionnaires' disease is a systemic disease characterized by a severe pneumonia and possible renal impairment which may be fatal even with appropriate antibiotic therapy (38, 123) . Key to the pathogenesis of Legionnaires' disease is the ability of L. pneumophila to replicate inside cells, in particular alveolar macrophages. The innate capacity of L. pneumophila and other species of Legionella to replicate inside eukaryotic cells is widely attributed to their long-standing association with environmental protozoa (143) . L. pneumophila is a parasite of many protozoan species, particularly free-living amoebae such as Acanthamoeba, Hartmanella, and Naegleria species, which also serve as useful infection models to study L. pneumophila intracellular replication (56) . In both mammalian cells and amoebae, the L. pneumophila vacuole avoids the endocytic pathway and interacts instead with the exocytic pathway of the cell so that the replicative vacuole ultimately develops characteristics of the endoplasmic reticulum (75, 76) .
Possible DNA transfer events between the bacteria and their environmental eukaryotic hosts may have facilitated the acquisition of genes encoding proteins that mimic eukaryotic signaling and protein interaction motifs, thereby allowing Legionella to interfere with eukaryotic signaling and trafficking pathways. Indeed the L. pneumophila genome encodes a surprising abundance of proteins that harbor eukaryotic motifs (18, 25, 41) .
Two genes, annotated as lpg1905 and lpg0971 in the L. pneumophila Philadelphia genome, each encode predicted proteins that contain all five ACRs typical of eukaryotic NTPDases (26) . The presence of NTPDase genes in L. pneumophila is surprising since the lower environmental eukaryotes that Legionella typically associates with, such as amoebae, do not possess CD39/NTPDase 1 enzymes. Therefore, although it is widely assumed that L. pneumophila coevolved with freeliving protozoa and acquired many eukaryotic-like determinants from this relationship (41) , in this case it is not clear which eukaryote was the source of the L. pneumophila NTPDases.
Lpg1905 is a functional NTPDase, able to hydrolyze both ATP/ADP and GTP/GDP with similar efficiencies (123, 124) . Lpg1905 is secreted by the bacterium in vitro, although its site of action during infection is unclear. The enzyme has maximal activity at neutral pH (124) , and given that the purpose of Legionella virulence determinants is to enhance bacterial replication in amoebae, the enzyme presumably has an intracellular function. Indeed, inactivation of lpg1905 results in defective replication of L. pneumophila within amoebae, epithelial cells, and macrophages (123) . Substantial levels of enzyme activity are also required for full virulence of L. pneumophila in an A/J mouse model of Legionnaires' disease, although it is not clear if it is ATP/ADPase or GTP/ GDPase activity or both that contribute to L. pneumophila infection (124) . The second putative secreted NTPDase, Lpg0971, is dispensable for replication within amoebae and macrophages (123) but contributes to virulence in the A/J mouse lung infection model, similar to Lpg1905 (F. M. Sansom et al., unpublished data). Although it is not yet proven that Lpg0971 possesses NTPDase activity, the additional requirement of lpg0971 for lung infection suggests that the enzymes may mediate effects on the host response over and above any role in intracellular replication of L. pneumophila. The contribution of NTPDases to L. pneumophila virulence and replication is unlikely to relate to purine scavenging, as L. pneumophila is not purine auxotroph (117) . Rather, it may relate to effects on host nucleotide levels and subsequent effects on P2 receptor signaling.
A putative NTPDase is also annotated in the genome of the plant pathogen Pseudomonas syringae pv. tomato strain DC3000 (locus tag PSPTO_3560) (19) . The predicted protein possesses a signal peptide for secretion but to date remains uncharacterized. Finally, a BLAST search of all known bacterial sequences revealed only one other putative NTPDase, an uncharacterized hypothetical protein containing all five ACRs (locus tag Patl_3457) encoded in the genome of the marine bacterium Pseudoalteromonas atlantica, which is a pathogen of crabs ( 
CD39 EXPRESSION AND CAPTURE BY HIV
Increased expression of CD39, with a concomitant increase in observed NTPDase activity, occurs in lymphocytes isolated from patients infected with human immunodeficiency virus (HIV) (94) . In addition, it now appears that CD39 is incorporated into HIV virions, where it remains enzymatically active (9). The CD39-bearing virions can inhibit platelet aggregation, although the importance of this in pathogenesis is unclear, as severe bleeding is not common in HIV/AIDS patients (9) . Enhanced CD39 expression may alternatively have effects on extracellular ATP concentrations and purinergic signaling, in a manner similar to that for other pathogens bearing surfacelocated NTPDases, although this remains to be proven.
PURINERGIC SIGNALING AND THE HOST-PATHOGEN INTERACTION
Interference with P2 Receptor Signaling by Parasites
Possible effects on vascular homeostasis. The expression of NTPDases on the surface of pathogens that invade the bloodstream has the potential to alter platelet activity. Hydrolysis of ATP and ADP by NTPDases may influence the activation of P2X 1 , P2Y 1 , and P2Y 12 receptors, resulting in interference with normal thrombotic defense mechanisms. This is particularly relevant to the metazoan parasite S. mansoni as it enters the bloodstream. Experimental percutaneous infection of mice with S. mansoni results in a transient thrombocytopenia 2 days after infection, at about the stage that the organism reaches the bloodstream, suggesting that platelet activation and attachment of platelets to larvae is a host defense mechanism against infection (139) . This is supported by the observation that platelets can attach to larvae in vitro. However, a few days after infection, platelet levels are similar in infected and control animals, suggesting that the larvae become resistant to platelet defense mechanisms (139) . Since the larval forms of S. mansoni express both SmATPDase 1 and SmATPDase 2 (45, 96) , it is possible that upon entry of the parasite into the bloodstream, exposure to platelets leads to increased expression of the enzymes. The subsequent hydrolysis of ADP and limitation of platelet activation could then result in resistance of the parasite to platelet defense mechanisms.
Another parasite with a significant bloodstream phase is P. falciparum, and while suppression of platelet aggregation in humans infected with P. falciparum has been reported (138) , other work has suggested that P. falciparum infection enhances platelet aggregation (112) . Even though the precise effect of the parasite on platelets is unclear, the presence of a putative NTPDase gene in the genome of P. falciparum warrants further investigation. In particular, determining if the protein is located on the parasite surface and what, if any, preference the enzyme displays for ATP and/or ADP would assist in clarifying the possible effect of P. falciparum on platelet activation during infection.
The life cycles of both African and American trypanosomes involve blood-borne stages, and it has been suggested that the NTPDases on the surface of the parasites are involved in inhibiting platelet recruitment (57, 99) . In the case of T. brucei, where the parasite remains extracellular and replicates within the bloodstream, the ability to inhibit platelet defense mechanisms would be highly advantageous. However, it is difficult to reconcile this with the fact that both T. brucei and T. cruzi are known to cause platelet aggregation and resultant thrombocytopenia (111, 144) . One explanation may be that in all three trypanosome species in which NTPDases have been studied, the enzymes hydrolyze ATP preferentially, resulting in liberation of ADP and transient platelet activation. Although preferential ATPase activity would provide ADP for activation of P2Y 1 and P2Y 12 receptors, ADP hydrolysis by these enzymes is nevertheless still relatively efficient (47, 57, 59) . Again, more work is needed to clarify the contribution of NTPDases to platelet responses during infection.
Modulation of the host inflammatory response. Extracellular ATP and other nucleotides constitute potent "danger signals" for the host immune and inflammatory responses (17) . ATP in particular can trigger the release of proinflammatory cytokines such as IL-1␤ through P2 receptor signaling (93) . Extracellular ATP also activates dendritic cells and induces secretion of IL-12 (125) . CD39 has been shown to inhibit ATP-stimulated cytokine release from mammalian cells (77) , and the expression of CD39 on T reg cells has also been linked to decreased activation of dendritic cells (16) . Therefore the hydrolysis of extracellular nucleotides by microbial NTPDases could potentially mimic the action of mammalian NTPDases by influencing the immune response during infection, including the induction of inflammatory responses, T reg cell activation, and/or dendritic cell maturation. Interestingly, Leishmania, T. cruzi, and T. gondii have all been shown to inhibit IL-12 production by dendritic cells (122) , and the invasion of dendritic cells by live T. gondii does not result in dendritic cell maturation (102) . Similarly, dendritic cells pulsed with live L. pneumophila do not undergo phenotypic maturation and secrete lower levels of cytokines (85) . Nevertheless, despite this link, it remains to be seen if microbial NTPDases can function in a manner similar to that for CD39 in vivo.
Interference with P2 Receptor Signaling by Bacteria
Extracellular ATP has already been shown to be involved in host defense mechanisms during certain bacterial infections (52, 92) . Although in general bacterial pathogens do not possess CD39/NTPDase 1 enzymes, several organisms have nonetheless been shown to interfere with ATP-mediated signaling by other means (162, 163) . For example, extracellular ATP appears to stimulate killing of intracellular Mycobacterium bovis and Mycobacterium tuberculosis by infected human macrophages in a manner dependent on P2X 7 receptors (52, 92) . Mycobacterium spp. are intracellular pathogens of macrophages that inhibit phagosome maturation as a path to intracellular replication. Stimulation with extracellular ATP overcomes the inhibition of phagolysosome fusion and drives maturation of the Mycobacterium vacuole to a mature phagolysosome where the bacteria are killed. Interestingly, a recent study showed that extracellular ATP does not induce the killing of intracellular Mycobacterium avium subsp. paratuberculosis in bovine mononuclear phagocytes, demonstrating that species differences do exist (157) . Although the exact mechanism behind ATP-induced killing of Mycobacterium is unknown, polymorphisms in the P2X 7 receptor are associated with increased susceptibility to the dissemination of mycobacterial . Surprisingly, the same study also demonstrated that Ndk actually enhanced ATP-induced cytotoxicity in macrophages, which was inhibited in the presence of a P2 receptor antagonist (27) . As Ndk catalyzes the transfer of the terminal phosphate group of NTPs to NDPs, the authors postulated that this effect on cytotoxicity resulted from Ndk-mediated conversion of ATP into other nucleotides that act as better agonists toward P2 receptors, although there is no direct evidence for this hypothesis. Recently, the intracellular pathogenic bacterium Porphyromonas gingivalis was shown to interfere with P2X 7 receptormediated apoptosis in epithelial cells (162) . While P. gingivalis does not possess an NTPDase, it also secretes an Ndk into culture supernatants. In contrast to the case for M. tuberculosis, the secretion of this enzyme is associated with the inhibition of P2X 7 -mediated apoptosis, suggesting that Ndk secreted from different pathogens results in varied effects on the host. The reasons for this are not understood, but it may result from differences in other nucleotide concentrations or other, as-yetunknown factors. Pseudomonas aeruginosa also secretes several ATP-utilizing enzymes (including Ndk and an ATPase). The presence of purified ATPase or Ndk reduces the cytotoxicity associated with ATP-induced P2X 7 receptor activation and the subsequent loss of macrophage viability. This effect presumably results from hydrolysis of ATP by either enzyme and/or sequestration of ATP from the P2X 7 receptors (164).
Extracellular ATP (but not other nucleotides) when incubated with macrophages infected with Chlamydia trachomatis reduces the number of infectious bacteria within the macrophages. However, the bacteria themselves appear to also interfere with apoptosis by decreasing the activity of the P2X 7 receptor (35), although the mechanism by which this occurs is unclear. As is the case for M. tuberculosis, treatment of infected macrophages with extracellular ATP results in the death of bacteria from activation of phospholipase D in a manner dependent on activation of P2X 7 receptors (36) .
Mycoplasma hominis, an extracellular organism that colonizes the human urogenital tract, also possess an ecto-ATPase, although this enzyme is not a member of the NTPDase family (74) . Surprisingly, a recent study demonstrated that this enzyme was able to induce apoptosis, and although the mechanism by which this occurred was not elucidated, it was postulated that it may be due to the generation of ADP and/or other breakdown products of ATP, again suggesting that ATP-utilizing enzymes of pathogens may influence purinergic signaling (73) .
While none of these bacteria possess a typical NTPDase of the CD39/NTPDase 1 family, the degradation of extracellular ATP by pathogens has a proven effect on host cell viability and the capacity of the host to clear an infection. Therefore, microbial NTPDases are likely to interfere with similar processes in pathogen-infected macrophages. In particular, the observation in a number of studies that secreted ATP-utilizing enzymes from intracellular pathogens interfere with purinergic signaling strongly suggests a similar role for the secreted and surface-located NTPDases expressed by the microbial pathogens reviewed here.
Adenosine Generation by Pathogens
The immune suppression elicited by T reg cells also relies on the concurrent expression of CD73 by these cells (39) . CD73 is an ecto-5Ј-nucleotidase that hydrolyzes AMP to produce adenosine, a molecule that signals through P1 receptors, specifically A2A receptors, to induce a number of immunosuppressive effects such as the inhibition of effector T-cell activation and suppression of proinflammatory cytokine expression (39) . Therefore, the immunosuppressive effect of CD39 results not only from the inhibition of P2 receptor signaling by the degradation of ATP but also from the activation of P1 receptors by adenosine.
Ecto-5Ј-nucleotidase activity has also been detected on the surface of T. vaginalis (145) . While the parasite is a purine auxotroph and may utilize some of the adenosine produced for growth, free adenosine may also play a secondary role as a mediator of immune suppression. The trypanosomes Leishmania and S. mansoni have all been shown experimentally to hydrolyze AMP to generate adenosine at the surface of the parasite (13, 47, 118, 132) , suggesting a similar role for the enzyme in these organisms. Of particular interest is the observation that C57BL/6 mice are able to control infection by L. braziliensis but develop chronic lesions when infected with L. amazonensis (98) . The L. amazonensis parasites exhibit higher levels of AMP hydrolysis, thus producing adenosine in larger amounts, and mice infected with L. amazonensis show decreased production of proinflammatory cytokines, thereby raising the possibility that adenosine production by Leishmania parasites contributes to immune suppression.
In contrast, apicomplexan parasites are not known to possess ecto-5Ј-nucleotidases (110), so it is unclear if adenosine is generated by these parasites. Similarly, L. pneumophila does not appear to possess an ecto-5Ј-nucleotidase (24, 26) and does not reportedly hydrolyze AMP. Although to date there is no evidence of adenosine generation by the apicomplexan parasites and Legionella, it is possible that host enzymes such as CD73 could theoretically mediate the hydrolysis of excess AMP resulting from the action of microbial NTPDases.
Nonadenine Nucleotide Signaling
It is interesting that of the microbial NTPDases described so far, most hydrolyze purine and pyrimidine bases such as GTP, UTP, and CTP with efficiencies similar to those for ATP and ADP. Unusually, Lpg1905 from L. pneumophila hydrolyzes only ATP/ADP and GTP/GDP and shows very limited activity against CTP/CDP and UTP/UDP (124) . The NTPDases that do efficiently hydrolyze nonadenine nucleotides include those found in the apicomplexan parasites T. gondii (6) and N. caninum (4) and those found in T. vaginalis (40) , T. foetus (80) , the trypanosomes (47, 57, 59) , and S. mansoni (53) . In addition to their activity against NTPs, the NTPDases from T. gondii (6) , T. vaginalis (40) , T. cruzi (57) , and S. mansoni (53) hydrolyze other NDPs. Nonadenine NTPs and NDPs such as UTP and UDP are agonists for a number of P2Y receptors and in some cases have higher affinity for these receptors than ATP (20) . UTP has also been shown to stimulate expression and release of the proinflammatory cytokine IL-6 (48, 89) . Furthermore, UDP, a selective P2Y6 agonist, stimulates production and release of IL-8 and tumor necrosis factor alpha in human monocytic cell lines (37, 156) . Extracellular nucleotides are also involved in lipopolysaccharide-induced neutrophil migration (90) . Therefore, the microbial NTPDases may potentially utilize several substrates to interfere with P2 receptor signaling.
CONCLUSIONS
In recent years the identification of an increasing number of human pathogens with secreted and plasma membrane-associated NTPDase activity has raised a number of intriguing questions regarding the role in of these enzymes in interactions with the mammalian host. The similarities between microbial and mammalian NTPDases suggest that pathogens have the capacity to interfere with pathways mediated by host NTPDases, such as modulation of vascular homeostasis and inflammatory and immune responses. While further work is required to elucidate the mechanism(s) by which microbial NTPDases influence virulence, it is evident from the work reviewed here that investigating the effects of these enzymes on purinergic signaling may yield valuable information.
NTPDases as Possible Targets for Antimicrobial Therapy
In addition, the characterization of crucial differences between the microbial NTPDases and mammalian NTPDases may lead to the development of selective inhibitors that target microbial survival and enhance antimicrobial immune responses. The fact that the enzymes have an external location, are implicated in parasite survival, and are widely distributed among different eukaryotic human pathogens make them appealing targets for the development of antimicrobial agents. However, the success of microbial NTPDases as pharmacological targets will depend on the identification of inhibitors that are selectively toxic for microbial pathogens but have little effect on the mammalian enzymes. Some promise has been shown already with the new N-alkylaminoalkanethiosulfuric acid class of antischistosomal drugs that partially inhibit parasite NTPDase activity (54) .
We recently observed that Lpg1905 from L. pneumophila exhibited different sensitivities to inhibition by novel polyoxometalate NTPDase inhibitors than mammalian NTPDases (124) . Although these differences were not pharmacologically useful, this demonstrated that there are likely to be structural differences between the enzymes that could be exploited for inhibitor development.
The importance of protein structures for understanding enzyme function and for the development of NTPDases as targets for antimicrobial therapy is paramount. The rational design of inhibitors that have greater potency against the microbial enzymes than against the host will depend on identifying structural differences between the microbial and mammalian enzymes. The recent elucidation of the crystal structure of rat NTPDase 2 will form an important basis for studying structural differences within this family of enzymes (166) . This work needs to take place in concert with detailed pathogenesis studies of the role of microbial NTPDases in infection so that we can approach a clear understanding of the contribution of these enzymes to parasite survival and host immunity.
